We present Murchison Widefield Array (MWA) monitoring of the Kepler K2 mission Fields 3, 4, and 5 at frequencies of 155 and 186 MHz, from observations contemporaneous with the K2 observations. This work follows from previous MWA and GMRT surveys of Field 1, with the current work benefiting from a range of improvements in the data processing and analysis. We continue to build a body of systematic low frequency blind surveys overlapping with transient/variable survey fields at other wavelengths, providing multi-wavelength data for object classes such as flare stars. From the current work, we detect no variable objects at a surface density above 2 × 10 −4 per square degree, at flux densities of ∼ 500 mJy, and observation cadence of days to weeks, representing almost an order of magnitude decrease in measured upper limits compared to previous results in this part of observational parameter space. This continues to show that radio transients at metre and centimetre wavelengths are rare.
INTRODUCTION
The Kepler K2 mission commenced in 2014, designed to use the Kepler spacecraft with a reduced number of reaction wheels, to observe a number of fields near the ecliptic (Howell et al. 2014) .
Previously, we undertook a pilot study of the K2 Field 1 using the Murchison Widefield Array (MWA: Tingay et al. (2013) ) and the TGSS ADR1 ) using the Giant Metre-wave Radio Telescope (GMRT: Swarup (1991) ) to monitor the field at low frequencies during the K2 campaign (Tingay et al. 2016 ). We produced a source catalog for this field containing over 1000 radio sources. No transient or variable radio sources were found during the Field 1 MWA campaign; the catalog produced a unique supporting resource for K2 mission science.
Using the lessons learned during the Field 1 MWA observations and subsequent data processing, we have now undertaken further monitoring observations of K2 Fields 3, 4, and 5 concurrent with the K2 observations. We report these observations in this paper. We used an improved scheduling strategy for these new observations, allowing a more robust and accurate extraction of radio light curves from our data. Thus, our sensitivity to transients and variables is improved, relative to the results reported in Tingay et al. (2016) .
The K2 mission is making significant strides in the direction blazed by Kepler, in the detection and study of large numbers of exoplanets. However, the science goals of K2 observations are widely varied. Of relevance to the results of our MWA monitoring of K2 fields, a range of work aimed at studying the optical variability of active galactic nuclei (AGN) is starting to emerge (Smith et al. 2017; Wehrle et al. 2018; Carini et al. 2017) . K2 has also detected M dwarf flare stars that require study at radio frequencies, in particular low frequencies where such stars are most active (Villadsen et al. 2018) .
A search for M dwarf flares was performed with our previously published data for K2 Field 1, adding to a growing literature in this field that is relevant to exoplanet habitability research. In particular, our previous K2 Field 1 results and the MWA results of Rowlinson et al. (2016) did not detect any M dwarf flares. However, using the MWA to measure circular polaristion and therefore achieve higher sensitivity to flares, Lynch et al. (2017) found intermittent flares from targeted observations of UV Ceti, but not from YZ CMi or CN Leo. Only sparse observational data exist at MWA frequencies for M dwarf flare stars and further systematic monitoring studies are required, as well summarised in §5.3.3 of the review by Matthews (2019) . The TESS mission (Ricker et al. 2015) is being used to monitor large numbers of M dwarf flares (Günther et al. 2019 ) during the Cycle 1 portion of the mission, covering southern declinations well matched to follow-up with MWA observations. While various classes of radio transients are expected to be rare at centimeter and meter wavelengths (Metzger et al. 2015) , significant work is being expended testing these limits (Bell et al. 2014; Croft et al. 2013; Murphy et al. 2015; Obenberger et al. 2015; Polisensky et al. 2016; Rowlinson et al. 2016; Murphy et al. 2017) with existing large-scale instruments and detecting occasional interesting transients and variables (Hyman et al. 2005 (Hyman et al. , 2009 Jaeger et al. 2012; Murphy et al. 2017) . Much of this work is in preparation for transient research with the Square Kilometre Array (SKA, Fender et al. 2015) .
Often through radio transient surveys, once detections are made, the follow-up identification, verification, and interpretation of the objects is difficult. The goal of the observations reported here is to continue to build unbiased, wide-field, multi-epoch surveys at low radio frequencies, covering the full extent of the K2 fields concurrent with the optical monitoring observations, to facilitate the multi-wavelength search for transients and variables. In §2 we present the observations and data processing, including improvements over Tingay et al. (2016) . In §3 we present our results, and we discuss them and our conclusions in §4.
OBSERVATIONS AND DATA PROCESSING

Observations
The parameters of the MWA observations conducted for K2 fields 3, 4, and 5 are given in Table 1 , for the period 2014 November 07 to 2015 May 28. All observations were performed in a standard imaging mode, as described in Tingay et al. (2016) , at the same center frequencies of 154.88 MHz and 185.60 MHz and with the same processed bandwidth of 30.72 MHz (24×1.28 MHz coarse channels, each comprised of 128×10 kHz fine channels).
However, the scheduling of these observations benefited from our prior experiences recorded in Tingay et al. (2016) , in that we used a single az/el pointing for each of the three fields of interest. This guarantees that all observations for a given field have the same LST, and thus a primary beam and synthesized beam that are consistent throughout the observation sequence. This results in data that are simpler to process in terms of extracting light curves and more robust light curves due to smaller errors on individual flux densities.
We recovered the MWA data from the new MWA All-Sky Virtual Observatory (ASVO) node 1 , which allows users to discover observations and download the visibility and calibration data in a variety of formats, applying user-defined manipulations to the visibilities. We downloaded the observations described in Table 1 using an averaging time of 2 seconds, a frequency averaging of 40 kHz (corresponding to four fine channels), and flagging 160 kHz at the edges of coarse channels (corresponding to 16 fine channels at each coarse channel edge). Recorded flagging information was also applied, as was default radio frequency interference (RFI) flagging via AO Flagger (Offringa et al. 2012) . The visibility data were extracted as uvfits files, suitable for import into MIRIAD (Sault et al. 1995) .
The total volume of MWA visibility data processed (including calibration data) was approximately 4.4 TB, with the visibility averaging parameters described above applied during data extraction from the ASVO.
For Field 3, 36 observations were scheduled, but only 18 were successful. 18 observations between 2014 November 25 and 2014 December 13 were affected by a lightning strike that caused a power outage at the MWA (completely lost four observations) and caused temporary damage to 43/128 tiles (substantially degraded data). Thus, only the 18 successful observations are listed in Table 1 and described in the remainder of the paper.
Other issues with data from other Fields are described in the following section, primarily regarding challenges introduced by the far northern pointings and strong sources in the high response primary beam sidelobes. Any future monitoring of K2 fields with the MWA could concentrate on fields south of the equator, to minimise such issues. Note-Column 1 -MWA observation ID; Column 2 -UT date and time of observation start; Column 3 -duration of observation in seconds; Column 4 -observation target (F3 = Field 3; F4 = Field 4; F5 = Field 5; HydA = Calibrator Hydra A; 3C 444 = Calibrator 3C444); Column 5 -Centre frequency in MHz; Column 6 -Right Ascension in decimal degrees; and Column 7 -Declination in decimal degrees. The full observation table is available as a Machine Readable Table ( CSV format).
Data Processing
Calibration and Imaging
Data processing proceeded as described in Sections 3.1.1 and 3.1.2 in Tingay et al. (2016) and readers are referred to those descriptions for details. An additional calibrator was used for our processing for K2 fields 3, 4, and 5, 3C 444. In cases where 3C 444 is the calibrator, the model for the flux density was parameterized as 79.6 ν 160M Hz −0.88 Jy and a restriction in self-calibration was applied when imaging the calibrator, such that only baselines in the uv range 0.05 to 0.8 kλ were used against this model. Fields 4 and 5 are at significant positive declinations, ∼ +19
• and ∼ +17
• , respectively, compared to Field 3 at ∼ −11
• . Imaging and calibration proved less consistently of high quality for Fields 4 and 5 than for Field 3. While all three fields provided high quality images at some epochs (examples shown in Figure 1) , it was noted that a significant fraction of epochs for Fields 4 and 5 produced unusable images with the procedure described in Tingay et al. (2016) . In some of these cases, we were able to recover images of a quality to be usable by removing from our imaging and calibration pipeline the final self-calibration step that included amplitude self-calibration.
Possible reasons for Fields 4 and 5 being more challenging for imaging and calibration could be ionospheric activity through a greater path length at low elevations, radio frequency interference at lower elevation observations, or the presence of nearby bright radio sources in the primary beam sidelobes (e.g. the Crab Nebula, the Southern Galactic Plane, and the Sun, in various combinations), which have a high response for northern pointing directions. An inspection of the logs recording the instrument status at these epochs reveals no significant issues with the intrinsic data quality.
In some cases, the imaging and calibration process did not converge, after attempting a range of variations on the pipeline. In particular, no epoch for Field 4 in the month of 2015 March was recoverable. During those epochs, we noted that the far northern pointing produced sidelobes with a peak response of >0.5 of the main beam, meaning comparable power was contained in the visibilities from the opposite side of the sky. In addition, the Sun was above the horizon at increasing elevations during the month. This combination makes reliable imaging and calibration extremely difficult and the data were discarded. The set of usable data are listed in Table 1 .
Source Finding and Production of Light Curves
The images described in § 2.2.1 were inspected manually to remove any which were not usable. The (effectively full-sky) images were then cropped to contain only a region of interest which was determined to be the largest region over which we could obtain accurate flux measurements. The usable area of Field 5 is less than that of Fields 3 and 4 due to the presence of the Galactic plane in one of the primary beam side-lobes which increased the image noise away from the beam center. The images were then processed using Robbie 2 -a work-flow for detecting and characterizing variable and transient events in radio astronomy images . Robbie processes data in the following Figure 1 . The three K2 fields monitored for variable and transient radio sources. Images shown are typical of those produced at the two frequencies, using the procedure described in the text, and have been cropped to show just the region covered by the Kepler sensors. The intensity scales range from −0.2 to 1 Jy/beam. The K2 areal footprint is shown in a yellow overlay. The dot-dashed red circle shows the exclusion zone chosen by Robbie.
way. First, the individual epoch images are warped to remove any astrometric distortions introduced by the ionosphere, which are not captured in the calibration stage. This warping is done using Fits Warp 3 (Hurley-Walker & Hancock 2018). Next, the epochs are stacked to create an image cube, which is then flattened into a mean image. This mean image is then used to create a reference catalogue of persistent sources. For each of the persistent sources, Robbie creates a light curve using the so-called priorized fitting capability provided by Aegean 4 (Hancock et al. 2012 . Each of the light curves are then characterized using standard metrics including the de-biased modulation index m d , χ 2 , and the false detection probability of seeing a given light curve variation given the uncertainties and a model of no variability. Each of the individual epoch images are then masked using the persistent source catalogue, and blind source finding is run on each to generate a list of candidate transient events. This list is then filtered for obvious false positives, and presented for further analysis.
We ran Robbie separately on each field/frequency combination making a total of six separate instances. Sources were identified as variable if their light curves had m d > 0.05 and false detection probability of p val < 0.001. Four sources were identified as being variable in Field 5, with the variability being present at both frequencies. Closer inspection of these light curves and images revealed that the cause of the variability was Jupiter moving through the field and passing close enough to persistent sources to become confused. This detection of Jupiter highlights the effectiveness of Robbie at detecting variability, but means that no astronomical (extra-solar system) variability was observed.
We inspected the list of candidate transient events and found that all the candidates were in one of four categories: sources that were below the 5σ detection limit which were occasionally detected due to differing noise contributions, side-lobes of real sources that were not automatically excluded by Robbie, the Moon (present in a single epoch), or Jupiter when it was not being confused with persistent sources. We therefore find no astronomical transients in any of the six datasets.
RESULTS
As noted by Bell et al. (2011) and others, the density of transients and variables can be calculated from Poissonian statistics:
where ρ is the surface density, Ω is the sky area surveyed, and n is the number of variable or transient events. In the event of no detected events we can calculate the a 95% confidence upper limit on the surface density by setting P (n) = 0.05 and solving for ρ. For multiple epochs and multiple pointing directions we can replace Ω with the equivalent sky area:
where Ω i and N i are the sky coverage, and number of epochs for each pointing direction i. The number of epochs, sky area, and upper limit on the density of variable sources for each field are tabulated in Table 2 . The variable source population probed by this work are those brighter than the detection limit in the mean image produced by Robbie. Since the sensitivity changes over the field of view we report the mean sensitivity for the variable sources in Table 2 . The upper limit on the transient sources population, however, needs to consider the maximum image noise among all epochs. Thus we report a separate sensitivity for transient events in Table 2 . We combined data from all three fields to produce a combined detection limit. To do this, the effective area is equated as per Eq. 2, and we calculate the relevant sensitivity using: 14 3.4 Table 2 . Summary of data for the three fields of interest. Nsrc is the number of persistent sources detected. Ωi is the sky area used in Eq. 2. The sensitivity limit for variable sources (rms V ) and transient sources (rms T ) are separately reported as described in the text. ρ is a limit on the surface density of events detected in the survey as per Eq. 1, and is the same for variable and transient events since none were detected. The final two columns show the expected modulation indexm and characteristic timescaleτ0 for refractive interstellar scintillation and are based on the SM2017 model.
In order to assess the implications of the data in Table 2 , we must calculate the expected variability rate. The overwhelming majority of sources that are detected by the MWA are AGN. The characteristic timescale for AGN intrinsic variability is on the order of years to decades. Since the observations of the K2 fields were conducted on time scales of days to weeks, we do not expect to see any intrinsic variability. Extrinsic variability, in the form of strong refractive interstellar scintillation (RISS), can be calculated using a model of scintillation based on Galactic H α intensity. Specifically, we use Hα intensity from Haffner et al. (1998) as a proxy for scattering measure following their Eq 1. and Eq 16. of Cordes & Lazio (2002) . This scattering measure is then used to calculate the diffractive scale using Eq 7a of Macquart & Koay (2013) . These calculations are carried out using the SM2017 5 code, which assumes a scattering screen distance of 1 kpc. The modulation index and timescale of variability is calculated for each of the persistent sources in each of the fields at each frequency, and we report the mean of these in Table 2 . The expected modulation indexes are 10 − 15%, which should be easily detectable given our selection criteria of m d > 5%. However the timescale of variability for RISS is 1 − 10 years, whereas our observations only cover timescales of days to weeks. The amount or variability seen on these shorter timescales would therefore be only ∼ 1/300 th of the raw modulation index, below our ability to measure. The low expectation for variability, and the lack of observed variability are consistent corresponding to a low false detection rate for any transient sources found.
DISCUSSION AND CONCLUSIONS
In Figure 2 we show the areal source density as a function of sensitivity for a selection of surveys at ∼ 1 GHz and 154 MHz. Also indicated is the minimum and maximum timescale that each survey is sensitive to.
In comparison to other radio surveys for variable and transient events (Figure 2 ), we find a significantly smaller surface density for each. Our upper limit on the density of variables is an order of magnitude lower than that found at comparable sensitivities by Bannister et al. (2011) and Croft et al. (2010) at higher frequencies (∼ 1 GHz). We attribute this discrepancy to two effects: the difference in observing frequency; and the cadence of observations. The Bannister et al. (2011) and Croft et al. (2010) surveys were most sensitive to variability on the timescales of years to decades, whereas this work samples days to weeks. As predicted by the SM2017 model, we would expect RISS to have characteristic timescales of years to decades as per Table 2 .
Also shown in Figure 2 are surveys at 154 MHz. Bell et al. (2014) used the MWA commissioning array to produce a survey with a 5σ sensitivity of 5.5 Jy and a cadence of either less than 10 days or a year. They detect a single variable source giving a surface density of variables of 1 × 10 −3 deg −2 on year long time-scales, but find no variables on the shorter time-scales. Murphy et al. (2017) compare the TIFR GMRT Sky Survey Alternative Data Release 1 (TGSS ADR1, ) and the GaLactic and Extragalactic All-sky Murchison Widefield Array (GLEAM, Hurley-Walker et al. 2017) survey catalogues and find a single variable source between two epochs separated by 1 − 3 years. However Lynch et al. (2017b) found no variable sources in their total intensity images created from nightly observations, and Tingay et al. (2016) found no variability in Kepler Field 1 on time-scales of days to a month. Shown in Figure 2 , the combination of our Fields 3, 4, and 5 results provide the lowest upper limit (2 × 10 −4 deg −2 ) at these frequencies, sensitivities (660 mJy), and cadences (day-month) from blind surveys. used 37 Dutch stations of LOFAR with a sub-set of the high band array, to survey four fields over a period of 6 months. They found no variable or transient sources, and their reported upper limit is shown as C16 in Figure 2 . Additionally, present a new method to represent the survey sensitivity for transient events as a function of the transient duration. In Figure 3 we replicate their results and add those for the Kepler fields F1, F3, and Comb, as described in Figure 2 . The combined data set indicates a much lower limit on the rate of transients on timescales of 2 days (0.2 sky −1 day −1 ) to 1 month (0.06 sky −1 day −1 ). The upper limits for the transient rate of F1 and F3 in Figure 3 , are nearly identical over the 2 − 16 day range. F1 has a smaller survey area than F3, but a greater number of epochs, and the these two factors cancel out. The C16 survey has approximately 10 times the number of epochs as the F1/F3 surveys, but a field of view that is nearly 1/70th the size, resulting in a much less stringent upper limit. For transients of duration 2 − 16 days, the combined data of all three fields from this paper (Comb) has an effective field of view that is 3 times that of the individual surveys, and a similar distribution of epochs, resulting in a more stringent limit on the transient rate. In all, Figure 3 demonstrates the advantage of a wide field of view instrument such as the MWA with it's ability to achieve high sensitivity to transient events in only a small number of observations. Additional low frequency surveys are underway with the GMRT 6 and LOFAR (Fender et al. 2006 ), however they are yet to be published. ), F1 Kepler field 1 from Tingay et al. (2016) , B14S is the short duration limit and B14L is the long duration detection of variability from Bell et al. (2014) .
The discrepancy between the detection and non-detections listed here can be explained by the different phase space that they are exploring: long versus short timescale variability. At 1 GHz variability is seen on timescales of days to decades, to varying degrees, where as at 154 MHz the variability is only seen on year long time-scales. This difference is consistent with the Hα based modeling presented in the previous section, and means that at these frequencies intrinsic incoherent variability from AGN are on similar timescales to the extrinsic RISS induced variability, making the two difficult to disentangle. However, the corollary is that short time-scale variability must be dominated by other effects such as ionospheric and instrumental effects, but also intrinsic coherent emission. This makes the quiet incoherent low frequency sky an ideal place to look for coherent variability including: stellar flares (Lynch et al. 2017a) ; cyclotron maser emission from extra-solar planets (Farrell et al. 2004; Sirothia et al. 2014) ; prompt emission from gravitational wave events (Chu et al. 2016 ); fast radio bursts Tingay et al. 2015) ; and new classes of as-yet unidentified Galactic transients (Hyman et al. 2005; Jaeger et al. 2012 ). As such we anticipate that low-frequency surveys such as the GMRT 150 MHz Stripe 82 Transient Survey 7 , the LOFAR Transients Key Science Project (Fender et al. 2006) , and MWA Transients Survey full data release (Bell et al. 2019) , will be moving into a new area of discovery space that is more closely linked to the physics of the emission process rather than the physics of the interstellar medium. And in the more distant future, these surveys will be pathfinders for low frequency transient/variable surveys with the SKA. 
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